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Abstract:	   Graphene	   is	   a	   2-­‐D	   sheet	   of	   sp2	   bonded	   carbon	   atoms	   with	   exceptional	   electrical	  
properties.	   Particularly,	   graphene	   has	   a	   very	   high	   carrier	  mobility	   (~200,000	   cm2/V·∙s).	   This	   is	  
largely	  due	   to	   graphene’s	  unique	  electronic	   structure,	  wherein	   charge	   carriers	   are	  effectively	  
massless	  Dirac	  fermions.	  However,	  the	  unique	  electronic	  structure	  of	  graphene	  has	  been	  shown	  
to	   be	   affected	   by	   the	   underlying	   substrate.	   In	   this	   study,	   we	   characterize	   the	   electronic	  
structure	  of	  graphene	  on	  copper.	  Electron	  energy	  loss	  spectroscopy	  is	  employed	  to	  observe	  the	  
surface	  plasmon	  excitations	  of	  graphene.	  A	  small	  pi	  plasmon	  excitation	  is	  observed,	  suggesting	  
that	   the	   graphene/Cu	   interaction	   is	   weak	   and	   non-­‐covalent.	   Additionally,	   density	   functional	  
theory	   is	  used	   to	   calculate	   the	  band	   structure	  of	   graphene	  on	   copper.	   The	  Dirac	  point	   is	   still	  
observed;	  however,	  the	  Dirac	  cone	  experiences	  interference	  from	  the	  metallic	  Cu	  substrate.	  
	  
	  
Introduction:	  Graphene	  is	  a	  2-­‐dimensional	  sheet	  of	  carbon	  atoms	  arranged	  in	  the	  honeycomb	  
structure	   (Figure	  1).	  Graphene	  has	  garnered	   interest	  due	   to	   its	  exceptional	  optical,	   electrical,	  
and	   thermal	   properties.	   For	   instance,	   electron	   and	   hole	   mobility	   in	   graphene	   can	   exceed	  
200,000	   cm2/V·∙s,	   whereas	   the	   electron	   and	   hole	   mobility	   of	   silicon-­‐-­‐	   the	   most	   common	  
semiconductor	   used	   in	   solid	   state	   devices-­‐-­‐	   is	   only	   1,400	   and	   450	   cm2/V·∙s	   for	   electrons	   and	  
holes,	  respectively	  [1].	  These	  properties	  are	  attributable	  to	  graphene’s	  unique	  electronic	  band	  
structure,	  as	  shown	  in	  Figure	  2.	  The	  meeting	  of	  the	  valence	  and	  conduction	  bands	  at	  a	  singular	  
point,	   the	   Dirac	   point,	   at	   six	   regions	   in	   reciprocal	   space	   makes	   charge	   carriers	   effectively	  
massless	  Dirac	  fermions	  [2].	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Much	  work	   has	   been	   done	  with	   graphene	   on	  metal	   substrates.	   Graphene	   is	   often	   grown	  on	  
metal	   substrates	   using	   chemical	   vapor	   deposition,	   and	   some	   proposed	   uses	   for	   graphene	  
involve	  graphene-­‐metal	  interfaces.	  However,	  the	  electronic	  structure	  of	  graphene	  is	  affected	  by	  
interactions	   with	   these	   metal	   substrates.	   For	   instance,	   previous	   work	   by	   Jiebing	   Sun	   et.	   al.	  
examined	   the	   electronic	   properties	   of	   graphene	   grown	   on	   a	   Ni(111)	   surface	   and	   found	   that	  
while	   carbon	   atoms	   were	   arranged	   in	   a	   hexagonal	   honeycomb	   structure	   characteristic	   of	  
graphene,	   the	   pi	   surface	   plasmon	   excitations	   which	   correspond	   to	   the	   conduction	   band	   of	  
graphene,	  were	  not	  observed,	  indicating	  that	  the	  band	  structure	  of	  graphene	  was	  influenced	  by	  
interactions	  with	   the	  Ni	   substrate	   [3].	  Understanding	   the	  nature	  of	   these	  graphene/substrate	  
interactions	  could	  have	  implications	  for	  incorporating	  graphene	  into	  electronic	  devices.	  In	  order	  
to	  understand	  how	  the	  electronic	  band	  structure	  of	  graphene	  changes	  in	  the	  presence	  of	  metal	  
Figure	  1:	  The	  honeycomb	  structure	  of	  
carbon	  atoms	  known	  as	  graphene	  
Figure	  2:	  The	  electronic	  structure	  of	  
graphene.	  The	  valence	  and	  conduction	  
bands	  meet	  at	  6	  points,	  the	  Dirac	  points,	  at	  
the	  edge	  of	  the	  first	  Brillouin	  zone	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substrates,	   this	   project	   examines	   the	   electronic	   structure	   of	   graphene	   grown	   on	   a	   copper	  
substrate,	   which	   is	   the	   most	   common	   substrate	   for	   growing	   graphene	   by	   chemical	   vapor	  
deposition	   (CVD).	   Low	   energy	   electron	   diffraction	   (LEED)	   is	   used	   to	   examine	   the	   structural	  
configuration	   of	   the	   graphene	   and	   verify	   that	   long	   range	   ordered	   graphene	   is	   present.	   High	  
resolution	   electron	   energy	   loss	   spectroscopy	   (HREELS)	   is	   then	   used	   in	   order	   to	   examine	   the	  
electronic	   structure	   of	   the	   graphene	   in	   the	   form	   of	   plasmon	   excitations.	   Finally,	   density	  
functional	   theory	   (DFT)	  correlates	   the	  EELS	  spectra	   to	  energy	  band	  diagrams	  of	   the	  graphene	  
systems.	  	  
Electron	  Energy	  Loss	  Spectroscopy	  
EELS	  is	  an	  electron	  spectroscopy	  technique	  which	  examines	  the	  inelastic	  scattering	  of	  electrons	  
from	  a	   sample	   of	   interest.	   Inelastic	   scattering	   events	   often	   have	   quantized	   energies	   and	   can	  
include	  lattice	  vibrations	  (phonons),	   interband	  transitions,	  plasmon	  excitations	  and	  others	  [4].	  
In	   EELS,	   an	   incoming	   electron	   with	   known	   energy	   Eo	   excites	   one	   of	   these	   modes,	   with	   a	  
characteristic	   energy	   Em,	   prior	   to	   being	   scattered.	   The	   energy	   of	   the	   inelastically	   scattered	  
electron	  then	  becomes	  Eb=Eo-­‐	  Em.	  While	  there	  are	  multiple	  configurations	  for	  performing	  EELS	  
characterization,	   this	   work	   will	   be	   using	   HREELS,	   which	   uses	   a	   low	   energy	   primary	   electron	  
beam	  as	  low	  as	  1	  eV	  in	  order	  to	  obtain	  a	  beam	  with	  a	  low	  energy	  spread.	  The	  term	  HREELS	  is	  
used	   to	  distinguish	   itself	   from	  other	  EELS	  methods	  which	  are	  performed	   in	   SEM’s	  and	  TEM’s	  
and	  are	  carried	  out	  at	  much	  higher	  energies	  (keV)	  [5].	  Using	  the	  HREELS	  method,	  it	  is	  possible	  
to	  obtain	  a	  resolution	  of	  only	  a	  few	  millielectron	  volts,	  and	  typical	  resolutions	  are	  in	  the	  range	  
of	  20-­‐30	  meV.	  Resolution	  of	  this	  level	  is	  critical	  for	  observing	  the	  vibrational	  modes	  of	  various	  
crystal	  systems.	  In	  the	  HREELS	  energy	  regime,	  electrons	  penetrate	  at	  most	  two	  or	  three	  atomic	  
layers	  in	  a	  crystal,	  making	  the	  electrons	  sensitive	  to	  the	  surface	  [4].	  The	  surface	  sensitive	  nature	  
of	   this	   technique	   requires	   experiments	   to	   be	   performed	   in	   ultrahigh	   vacuum	   (UHV).	   In	   this	  
work,	  base	  pressures	  during	  HREELS	  measurements	  are	  less	  than	  10-­‐10	  Torr.	  
A	  HREELS	  system	  requires	  a	  monoenergetic	  beam	  with	  high	  resolution,	  and	  needs	  to	  be	  able	  to	  
detect	   specific	  energies	  with	  high	   resolution.	  This	   is	  done	  using	  electron	  deflectors	  as	  energy	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filters	   for	  both	  the	   incoming	  beam	  and	  the	  backscattered	  signal.	  The	  spectrometer	  used	  here	  
utilizes	  127o	  cylindrical	  deflectors.	  Cylindrical	  deflectors	  filter	  electrons	  according	  to	  energy	  by	  
employing	   a	   potential	   difference	   between	   the	   inner	   and	   outer	   sectors	   of	   the	   device.	   An	  
electron	  with	  a	  certain	  kinetic	  energy	  will	  follow	  a	  specific	  trajectory	  through	  the	  device.	  Placing	  
a	  slit	  at	  the	  input	  andoutput	  of	  the	  device	  limits	  the	  trajectories,	  and	  therefore	  the	  energies,	  of	  
electrons	  which	  can	  exit	  the	  device.	  For	  our	  spectrometer,	  a	  single	  cylindrical	  deflector	  is	  used	  
for	  both	   the	  monochromator	  and	  analyzer.	   In	  addition	   to	   these,	   the	   spectrometer	   requires	  a	  
number	   of	   additional	   electrostatic	   elements	   to	   generate	   and	   focus	   the	   electron	   beam.	  A	   full	  
schematic	  of	  the	  spectrometer	  used	  here	  is	  shown	  in	  Figure	  3.	  The	  spectrometer	  used	  here	  is	  a	  
McAllister	  Technical	  Services	  ELS	  system	  which	  has	  been	  modified	  for	  compatibility	  with	  EELS	  
electronics	  and	  software	  developed	  by	  LK	  Technologies.	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
As	  previously	  mentioned,	   it	   is	  critical	   that	  EELS	  experiments	  be	  performed	   in	  UHV	   in	  order	  to	  
avoid	  contamination	  of	  that	  sample	  surface.	  The	  system	  used	  for	  these	  measurements	  consists	  
of	   two	   interconnected	   UHV	   chambers:	   one	   for	   sample	   preparation	   and	   LEED	  measurements	  
and	  the	  other	  for	  performing	  the	  HREELS	  measurements.	  The	  prep-­‐chamber	  made	  of	  stainless	  
Figure	  3.	  Schematic	  of	  the	  McAllister	  Technical	  HREELS	  spectrometer.	  The	  sample	  is	  shown	  in	  relation	  
to	  the	  monochromator	  and	  analyzer.	  A	  basic	  trace	  of	  the	  electron	  trajectories	  is	  shown	  with	  red	  
arrows.	  The	  various	  electrostatic	  elements	  and	  other	  components	  are	  also	  shown	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Figure	  4.	  (a)	  The	  EELS	  chamber	  and	  the	  additional	  ion	  pump	  and	  ion	  
gauge.	  (b)	  The	  EELS	  spectrometer	  with	  some	  of	  the	  components	  
corresponding	  to	  the	  schematic	  shown	  	  
steel	  and	   the	  EELS	  chamber	   is	  made	  of	  µ-­‐metal	   for	  magnetic	   shielding.	  Four	  main	  pumps	  are	  
employed	   which	   collectively	   achieve	   pressures	   as	   low	   as	   10-­‐11	   Torr	   in	   the	   chamber:	   a	  
turbomolecular	  pump,	  rotary	  vane	  pump,	  titanium	  sublimation	  pump,	  and	  ion	  pump.	  A	  zeolite	  
trap	  is	  placed	  between	  the	  rotary	  vane	  pump	  and	  the	  turbo	  pump	  in	  order	  to	  absorb	  potential	  
pump	  oil	  contaminates	  and	  to	  prevent	  hydrocarbons	  from	  the	  pump	  oil	  reaching	  the	  chamber.	  
The	  EELS	  spectrometer	  and	  chamber	  sit	  below	  the	  main	  chamber	  and	  are	  shown	   in	  Figure	  4.	  
The	  prep-­‐chamber	  has	  an	   ion	  gauge	   to	  monitor	  chamber	  pressure.	  The	  EELS	  chamber	  has	  an	  
additional	   ion	   pump	   to	   ensure	   UHV	   is	   maintained	   during	   EELS	   measurements.	   The	   EELS	  
chamber	   is	  made	   of	   µ-­‐metal	   in	   order	   to	   provide	   shielding	   from	  magnetic	   fields	  which	  might	  
affect	  the	  signal.	  The	  spectrometer	  sits	  on	  a	  rotating	  platform,	  allowing	  the	  angle	  between	  the	  
monochromator	  and	  analyzer	  to	  be	  adjusted.	  
	  
	  
	  
	  
Density	  Functional	  Theory	  
a	   b	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Density	   functional	   theory	   (DFT)	   is	   a	   computational	   modelling	   method	   that	   calculates	   the	  
electronic	  structure	  of	  many-­‐body	  systems.	  Computing	  the	  electronic	  ground	  state	  energy	  can	  
be	  done	  by	  solving	  the	  Schrödinger	  equation:	  
	   !! !!, !!,… , !! = !" !!, !!,… , !! .	   [1]	  
According	   to	   the	   Born-­‐Oppenheimer	   Approximation,	   the	   electronic	   and	   nuclear	   motion	   in	  
crystals	  can	  be	  described	  separately.	  Since	  we	  are	  concerned	  with	   the	  electronic	   structure	  of	  
the	   material,	   the	   Hamiltonian	   operator,	   !,	   which	   we	   are	   concerned	   with	   is	   that	   of	   the	  
electrons.	   	  The	  electron	  Hamiltonian	  operator	  consists	  of	   three	  terms:	  the	  kinetic	  energy,	   the	  
interaction	  with	  the	  external	  potential	  (atomic	  nuclei),	  and	  the	  electron-­‐electron	  interaction:	  
	   ! = − !! ∇!!!! − !!!!!!!!! + !!!!!!!!!! ,	   [2]	  
where	   ri	   is	   the	   coordinate	   of	   the	   ith	   electron	   and	   Zaand	   Ra	   are	   the	   nuclear	   charge	   and	  
coordinate,	  respectively,	  of	  the	  ath	  atom.	  The	  average	  total	  energy	  can	  then	  be	  expressed	  as	  a	  
functional	  of	  Ψ	  
	   ! ! = ! ! !! ! .	   [3]	  
According	  to	  the	  variational	  principle,	  there	   is	  no	  Ψ	   that	  can	  produce	  a	  total	  energy	   less	  than	  
that	  of	  the	  ground	  state	  energy.	  In	  other	  words,	  ![!] ≥ !!.	   	   In	  order	  to	  calculate	  the	  ground	  
state	  of	  the	  material,	  one	  needs	  to	  find	  the	  Ψ	  which	  minimizes	  E[Ψ].	  	  However,	  the	  solution	  of	  
the	   many	   body	   wavefunction	   describing	   the	   multi-­‐electron	   system	   involves	   4N	   variables:	   3	  
positional	   and	   1	   spin	   variable,	   where	   N	   is	   the	   total	   number	   of	   electrons.	   Density	   functional	  
theory	   is	   rooted	   in	   the	  concept	  of	  describing	  energy	  as	  a	   functional	  of	   charge	  density,	   rather	  
than	   a	  wavefunction.	   The	   charge	   density	   is	   only	   a	   function	   of	   position,	   that	   is,	   three	   spacial	  
variables	  opposed	  to	  4N	  variables.	  
Once	  the	  charge	  density	  distribution	  and	  potential	  is	  determined	  from	  self-­‐consistent	  field	  (SCF)	  
calculations,	  the	  energy	  can	  be	  fully	  described	  as	  a	  series	  of	  density	  functionals	  for	  the	  kinetic	  
energy,	  the	  electron-­‐nucleus	  interaction,	  and	  the	  electron-­‐electron	  interactions:	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   ! ! = ! ! + !!" ! + !!! ! .	   [4]	  
While	   the	   ability	   to	   describe	   energy	   as	   a	   functional	   of	   charge	   density	   was	   proven	   in	   the	  
Hohenberg–Kohn	   theorems,	   it	  was	   still	   unclear	   exactly	  what	   the	   forms	   of	   the	   kinetic	   energy	  
density	  functional	  and	  the	  electron-­‐electron	  density	  functional	  were.	  In	  particular	  it	  was	  unclear	  
how	   to	   account	   for	   the	   requirement	   of	   antisymmetric	   wavefuntions,	   which	   satisfy	   the	   Pauli	  
Exclusion	   Principle.	   A	   solution	   was	   proposed	   by	   Kohn	   and	   Sham.	   They	   realized	   that	   if	   the	  
electrons	   are	   non-­‐interacting,	   that	   is,	   each	   electron	   only	   sees	   an	   average	   charge	   field	   of	   all	  
other	   electrons,	   the	   kinetic	   energy	   could	   be	   described	   using	   individual	   orbitals	   for	   each	  
electron,	  yielding	  an	  expression	  for	  the	  kinetic	  energy:	  
	   !! = !! − !!∇! !!!! ,	   [5]	  
where	  
	   	  ! ! = !!(!) !!! .	   [6]	  
While	   the	   Equation	   5	   gives	   a	   description	   of	   the	   kinetic	   energy,	   it	   is	   not	   fully	   accurate	   for	  
describing	   the	   actual	   kinetic	   energy	   due	   to	   the	   fact	   that	   in	   reality,	   electrons	   are	   not	   non-­‐
interacting.	   This	   requires	   a	   correction	   factor,	   which	   accounts	   for	   the	   correlation	   between	  
electron	   energies.	   Additionally,	   the	   exchange	   interactions,	   which	   occur	   due	   to	   the	  
antisymmetry	  principle,	  add	  a	  correction	  factor	  to	  the	  total	  energy	  functional	  expression.	  The	  
combination	   of	   these	   two	   factors	   results	   in	   the	   exchange	   correlation	   functional,	   which	   is	  
included	  in	  the	  total	  energy	  functional:	  
	   ! ! = !! + !!" ! + ! ! + !!" ! ,	   [7]	  
where	   J	   is	   the	   expression	   for	   coulomb	   repulsion	   between	   electrons.	   From	   the	   explicit	  
expressions	   of	   each	   of	   the	   terms	   in	   the	   above	   equation,	   and	   by	   applying	   the	   variational	  
principle,	  the	  Kohn-­‐Sham	  equations	  are	  produced.	  These	  equations	  describe	  the	  orbitals	  of	  the	  
non-­‐interacting	  electrons,	  which	  minimize	  the	  energy:	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   − !!∇! + !!"# ! + ! !!!!!! !!! + !!" ! !! ! = !!!! ! .	   [8]	  
All	   of	   the	   terms	   within	   the	   Hamiltonian	   have	   an	   exact	   expression	   except	   for	   the	   exchange-­‐
correlation	  term,	  vxc.	  A	  variety	  of	  functionals	  have	  been	  proposed	  which	  approximate	  exchange	  
correlation	   functional.	   The	  most	   popular	   functional	   is	   called	   the	   local	   density	   approximation	  
(LDA),	  which	  assumes	  that	  the	  functional	  is	  only	  dependent	  on	  the	  charge	  density	  at	  that	  point.	  
The	   generalized	   gradient	   approximation	   (GGA)	   is	   an	   expansion	   of	   LDA,	   which	   includes	   the	  
gradient	   of	   the	   density.	   	   The	   From	   the	   Hamiltonian,	   information	   regarding	   the	   electronic	  
structure	  of	  the	  material,	  such	  as	  the	  band	  structure,	  can	  be	  calculated.	  
	  
Results/Discussion:	  
Spectrometer	  Tuning	  
Before	  any	  EELS	  spectra	  can	  be	  taken,	  the	  spectrometer	  must	  first	  be	  tuned	  so	  that	  the	  electron	  
beam	  successfully	  traverses	  from	  filament	  to	  sample	  to	  detector.	  The	  general	  tuning	  procedure	  
involves	  the	  iterative	  adjustment	  of	  the	  lens	  elements,	  working	  from	  filament	  to	  analyzer.	  First,	  
lenses	  A1-­‐A3	  and	  the	  other	  electrostatic	  elements	  preceding	  the	  monochromator	  are	  adjusted	  
in	  order	  to	  maximize	  the	  current	  at	  slit	  plate	  S1.	  Next,	  the	  pass	  energy	  is	  set	  by	  specifying	  the	  
difference	   in	   potential	   between	   the	   inner	   and	   outer	   radii	   of	   the	   monochromator.	   The	  
relationship	   between	   this	   difference	   potential	   and	   the	   pass	   energy	   for	   this	   particular	  
monochromator	  is	  given	  by:	  
	   !! = 1.808×∆!.	   [9]	  
The	  potential	  of	  the	  monochromator	  is	  then	  set	  such	  that	  the	  beam	  energy	  equals	  the	  specified	  
pass	  energy.	  At	  this	  point	  the	  current	  at	  slit	  plate	  S2	  is	  maximized	  by	  readjusting	  lenses	  A1-­‐A3.	  
Current	   to	   the	  sample	   is	   then	  maximized	  by	  adjusting	   lenses	  B1	  and	  B2,	  and	  also	   the	  sample	  
position.	  The	  counting	  electronics	  are	  then	  turned	  on,	  and	  the	  analyzer	  elements	  are	  adjusted	  
in	  order	  to	  maximize	  counts.	  Once	  the	  counts	  are	  maximized,	  a	  scan	  over	  the	  elastic	  peak	  can	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be	   performed.	   Finally	   the	   elements	   B1-­‐B4	   and	   C2	   collimator	   electron	   lens	   are	   adjusted	   to	  
minimize	  the	  width	  of	  the	  elastic	  peak	  while	  maintaining	  reasonable	  intensity.	  The	  progression	  
of	  the	  elastic	  peak	  through	  the	  tuning	  process	  is	  shown	  in	  Figure	  5,	  where	  it	  can	  be	  seen	  that	  
tuning	  of	  the	  width	  of	  the	  elastic	  peak	  often	  comes	  at	  the	  expense	  of	  the	  intensity	  of	  the	  peak.	  
In	  this	  project	  the	  HREELS	  spectrometer	  was	  tuned	  on	  a	  TiO2	  sample.	  Ultimately,	  a	  resolution	  of	  
about	   40	   eV	   was	   achieved.	   At	   this	   resolution,	   the	   phonon	   peaks	   of	   the	   TiO2	   sample	   are	  
resolved.	  	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
	  
Graphene/Cu	  Sample	  
The	  sample	  consists	  of	  a	  single	  layer	  graphene	  film	  on	  a	  copper	  foil	  substrate	  and	  was	  grown	  by	  
the	  Ruoff	  group	  at	  the	  University	  of	  Texas	  at	  Austin.	  LEED	  was	  performed	  on	  the	  sample	  at	  an	  
energy	  of	  70	  eV,	  and	  the	  diffraction	  pattern	  shown	  in	  Figure	  6b	  was	  observed.	  The	  LEED	  pattern	  
shows	  a	  complicated	  diffraction	  pattern;	  however,	  this	  is	  consistent	  with	  graphene	  grown	  on	  a	  
Figure	  5.	  The	  effect	  of	  iterative	  tuning	  of	  the	  EELS	  spectrometer	  on	  the	  
elastic	  peak	  is	  shown.	  (a)	  through	  (c)	  show	  the	  progression	  of	  the	  elastic	  
peak	  with	  tuning,	  and	  (d)	  shows	  a	  TiO2	  spectrum	  from	  the	  literature	  [10]	  
(From	  M.	  Henderson,	  Surface	  Science	  355,	  151	  (1996) 
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polycrystalline	  metal	   foil.	   Additionally,	   the	   spots	   in	   the	   LEED	   image	   are	   ‘smeared’	   vertically,	  
implying	  that	  there	  is	  some	  amount	  of	  uniaxial	  ordering	  occurring	  on	  the	  sample	  surface.	  	  
	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  	  	  	  	   	  
	  
	  
	  
Electron	  Energy	  Loss	  Spectroscopy	  
EELS	  spectra	  were	  taken	  with	  a	  primary	  beam	  energy	  of	  25	  eV.	  The	  EELS	  spectrum	  taken	  of	  the	  
copper	  foil	  sample	   is	  shown	  in	  Figure	  7.	  The	  first	  peak	   in	  the	  EELS	  spectrum	  at	  0	  eV	   is	  due	  to	  
elastic	  scattering	  of	  the	  sample.	  There	  is	  a	  small	  peak	  in	  the	  5-­‐8	  eV	  range	  centered	  around	  6.5	  
eV,	  which	  is	  consistent	  with	  energy	  losses	  originating	  from	  pi	  surface	  plasmon	  excitations	  in	  the	  
graphene.	  While	  the	  pi	  surface	  plasmon	  is	  visible,	  it	  is	  not	  as	  intense	  as	  those	  found	  in	  bilayer	  
systems	  of	  graphene	  on	  metal	  substrates,	  or	  free-­‐standing	  graphene.	  Previous	  studies	  have	  also	  
observed	   the	  existence	  of	   the	  pi	  plasmon	  excitations	   for	  graphene	   substrates	  on	  Cu	   foils	   [6].	  
The	  presence	  of	  pi	  plasmon	  peaks	  indicates	  that	  the	  graphene	  is	  not	  covalently	  interacting	  with	  
the	  Cu	  surface.	  The	  quenching	  of	  the	  pi	  plasmon	  on	  Cu	  substrates	  could	  be	  due	  to	  long	  range	  
coulombic	   interactions	   between	   graphene	   and	   substrate	   causing	  mutual	   dielectric	   screening	  
Figure	  6.	  (a)	  Image	  of	  the	  Graphene/Cu	  foil	  sample	  used	  for	  EELS	  
measurements.	  (b)	  LEED	  pattern	  of	  the	  Graphene/Cu	  sample.	  While	  some	  
regions	  of	  hexagonal	  symmetry	  might	  be	  present,	  the	  diffraction	  spots	  are	  
smeared	  vertically.	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[7].	  	  However,	  it	  is	  also	  noted	  that	  the	  graphene	  sample	  was	  approximately	  5	  years	  old	  and	  has	  
probably	  degraded	  somewhat	  since	  it	  was	  grown.	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
	  
	  
	  
DFT:	  
The	  DFT	  model	   can	   also	   be	   used	   to	   calculate	   the	   band	   structure	   of	   the	   graphene.	   The	   band	  
structures	   of	   free-­‐standing	   graphene	   and	   graphene/Cu	   were	   computed.	   The	   unit	   cell	   of	  
graphene	  shown	  in	  Figure	  8a	  is	  a	  hexagonal	  unit	  cell	  with	  a	  2	  atom	  basis.	  Graphene	  on	  Cu	  was	  
calculated	   for	   the	   (111)	   surface	   of	   Cu.	   The	   substrate	   consisted	   of	   three	   hexagonal	   Cu	   layers	  
arranged	  in	  the	  A-­‐B-­‐C	  stacking	  pattern.	  Graphene	  was	  aligned	  to	  the	  substrate	  with	  one	  set	  of	  
carbon	  atoms	  sitting	  on	  the	  Cu	  atoms,	  and	  one	  set	  of	  carbon	  atoms	  sitting	  on	  a	  “hollow	  site,”	  as	  
shown	  in	  Figure	  8b,c.	  This	  configuration	  has	  been	  shown	  to	  be	  the	  most	  energetically	  favorable	  
for	  graphene	  on	  copper	  [8];	  however,	  experiments	  have	  shown	  that	  graphene	  grown	  on	  copper	  
breaks	  this	  pattern	  over	  long	  ranges	  [9].	  	  
Figure	  7.	  EELS	  spectrum	  of	  graphene/Cu	  foil.	  The	  peak	  a	  0	  eV	  is	  the	  elastic	  peak.	  The	  
spectrum	  above	  0.5	  eV	  is	  amplified	  by	  20x.	  A	  small	  peak	  between	  5	  and	  8	  eV	  centered	  
around	  6.5	  eV	  corresponds	  to	  the	  position	  of	  pi	  surface	  plasmons	  in	  graphene	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Pseudopotentials	   utilizing	   the	   projector	   Augmented	   Wave	   method	   were	   used	   to	   mimic	   the	  
potentials	  of	   the	  atomic	  nuclei.	   The	  Perdew-­‐Burke-­‐Ernzerhof	   functional	  using	   the	  generalized	  
gradient	  approximation	  was	  used	  for	  the	  exchange	  correlation	  functional.	  The	  calculated	  band	  
structure	  for	  graphene	  is	  shown	  in	  Figure	  9a.	  The	  Dirac	  point	  is	  clearly	  visible	  at	  the	  K	  point	  as	  is	  
expected	   for	   graphene.	   The	   graphene	   on	   copper	   case	   is	   also	   shown	   in	   Figure	   9b.	   The	   band	  
structure	   of	   graphene	   on	   Cu	   contains	   a	   Dirac	   point,	   the	   rest	   of	   the	   Dirac	   cone	   experiences	  
interference	   from	   the	   Cu	   substrate.	   This	   is	   consistent	   with	   other	   findings	   for	   graphene	   on	  
weakly	  interacting	  metallic	  substrates,	  such	  as	  Al	  [8].	  	  
Figure	  8.	  (a)	  Unit	  cell	  of	  graphene	  is	  a	  hexagonal	  lattice	  with	  a	  2	  atom	  basis.	  (b)	  Unit	  cell	  of	  
graphene	  on	  the	  Cu(111)	  surface.	  The	  graphene	  crystal	  consists	  of	  1	  set	  of	  atoms	  on	  the	  
Cu(111)	  atomic	  sites	  and	  1	  set	  of	  atoms	  on	  the	  Cu(111)	  hollow	  sites.	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Conclusions:	   In	   this	   project,	  we	   successfully	   installed	   and	   tuned	  a	  HREELS	   spectrometer.	   The	  
spectrometer	  was	  tuned	  using	  a	  TiO2	  sample	  and	  a	  resolution	  of	  about	  40	  meV	  was	  achieved.	  
At	   this	   resolution,	   the	   phonon	   excitations	   of	   the	   TiO2	  were	   observed.	   The	   EELS	   spectrum	   of	  
graphene	  on	  Cu	  foil	  showed	  a	  small	  pi	  surface	  plasmon	  peak	  indicating	  that	  the	  graphene	  was	  
not	   covalently	   interacting	   with	   the	   Cu	   substrate.	   This	   was	   consistent	   with	   the	   calculated	  
electronic	  structure	  of	  graphene	  on	  Cu,	  which	  showed	  the	  Dirac	  point	  and	  a	  conical	  dispersion	  
at	  the	  K	  point	  in	  reciprocal	  space.	  
	  
	  
	  
	  
	  
Figure	  9.	  (a)	  Band	  Structure	  Calculation	  of	  free-­‐standing	  graphene.	  The	  Dirac	  point	  is	  circled	  in	  red.	  
(b)	  Band	  structure	  calculation	  of	  Graphene/Cu(111).	  While	  the	  Dirac	  point	  can	  still	  be	  seen,	  the	  
Dirac	  cone	  experiences	  interference	  due	  to	  the	  metallic	  substrate.	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